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This note presents a study of one of the �ve points of the SUperGRAvity

(SUGRA) parameter space studied by ATLAS for the LHCC SUSY Workshop
held in October 1996: the so-called \Point 4". This point is characterised by

the following values of the fundamental SUGRA parameters: m0 = 800 GeV,

m1=2 = 200 GeV, A = 0, tan� = 10, sign� = +. For this speci�c point, the
ATLAS discovery potential, as well as the possibility of performing precision

measurements of the sparticle masses and thus to determine the fundamental
parameters of the theory, are discussed.
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1 Introduction

As discussed in [1] the aim of the study presented in this note is twofold. The

�rst goal is to demonstrate that, if Supersymmetry (SUSY) exists and SUGRA

is the correct theory and the SUGRA parameters are those of Point 4, a SUSY

signal can be observed at the LHC with a reasonable amount of integrated

luminosity. Previous studies done for the ATLAS Technical Proposal [2] have

shown that this should be relatively easy at the LHC for squark and gluino

masses up to 1.5{2 TeV (more or less independently of the model parame-

ters), because the production cross-sections of strongly interacting sparticles

(~q; ~g) are large at hadron colliders. The second (and more di�cult) goal is,

having observed an inclusive SUSY signal, to constrain the parameters of the

model (SUGRA or whatever) as much as possible. The most promising way

to achieve this second goal is to look for clean (exclusive) signatures which

provide constraints on the masses of some sparticles, and therefore on some of

the fundamental parameters of the theory. The crucial question is how many

SUSY particles can be directly observed at the LHC, and hence how many

parameters can be determined and with what precision.

The study presented here has been carried out in the framework of Min-
imal SUperGRAvity theories with radiative electroweak symmetry breaking

(SUGRA [3]). These theories are characterised by a minimal number (�ve)
of independent parameters, thus rendering phenomenological studies practi-
cally feasible: a universal scalar mass (m0), a universal gaugino mass (m1=2),

a common triliner interaction term (A), the ratio of the vacuum expectation
values of the two Higgs �elds (tan�) and the sign of the Higgsino mass param-
eter (�). R-parity is conserved, therefore the lightest supersymmetric particle

(LSP), i.e. the �rst neutralino �01, is stable.
This note is organised as follows. Section 2 describes the model parame-

ters and the SUSY particle spectrum at Point 4. Sections 3 and 4 present the
main features of SUSY events at Point 4 and the dominant backgrounds. The

semi-inclusive observation of a SUSY signal at Point 4 through the traditional

multijet plus missing ET ( /ET ) signature and through leptonic signatures are
discussed in Section 5 and Section 6 respectively. Sections 7 to 11 describe

the reconstruction of exclusive �nal states and several measurements of spar-

ticle masses: the measurement of the mass di�erence between the two lightest
neutralinos (Section 7), the measurement of the mass of the second chargino

(Section 8), the measurement of the mass di�erence between the gluino and
the lighter chargino (Section 9), the measurement of the h-boson mass (Sec-

tion 10), the measurement of the squark masses (Section 11). The impact

of these measurements on the determination of the fundamental parameters
of the theory is discussed in Section 12, while Section 13 is devoted to the

conclusions.
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2 Description of Point 4

This point is characterised by the following values of the parameters in the

5-dimensional SUGRA space:

m0 = 800 GeV

m1=2 = 200 GeV

A = 0

tan� = 10

sign� = +

from which one can immediately infer that the gluino is relatively light

(small gaugino mass m1=2), while squarks and sleptons are heavy (large scalar

mass m0).

Once the �ve fundamental parameters are �xed at the GUT scale, all spar-

ticle masses and couplings at the electroweak scale are obtained by solving the

Renormalisation Group Equations (RGE). The Monte Carlo generator used for

the study presented here was obtained [1] by interfacing the ISASUSY package
of ISAJET 7.22 [4] to SPYTHIA 2.08 [5]. This has allowed to use, on one hand,

exact solutions of the RGE equations (which are available in ISAJET but not
in SPYTHIA), and, on the other hand, the PYTHIA/JETSET fragmentation
package and calculations of the Higgs masses at the two-loop level (which are

available in SPYTHIA but not in ISAJET).
The physics spectrum obtained in this way for sparticles at Point 4 is:

m~g = 582 GeV

m~q ' 915 GeV
m~t1

= 594 GeV
m~t2

= 805 GeV

m~b1
= 774 GeV

m~b2
= 903 GeV

m~̀' 800 GeV

m�0
1;2;3;4

= 80, 148, 290, 315 GeV

m��
1;2

= 147, 315 GeV

mh = 111 GeV (calculated at the two-loop level)

mA;H;H� ' 860 GeV

where for the masses of the squarks of the �rst two generations and of
the sleptons an average between the left-handed and the right-handed helicity

states has been taken (the mass splitting is about 10 GeV for Point 4).
The main decay modes of these sparticles are listed in Tables 1 and 2.

There is good agreement between SPYTHIA (modi�ed as described above)

and ISAJET for all decays, except in the stop sector.
From the SUSY masses listed above and from the decay channels presented

in Tables 1 and 2 one can deduce several phenomenological consequences and
some di�erences with the other points studied by ATLAS (see Table 3):
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� Point 4 is outside the reach of LEP2 and TeVatron, unlike Point 3 where

h; ��1 ; �
0
1; �

0
2 are light enough to be observed at LEP2, and ��1 ; ~q; ~g may

be found at the TeVatron. Furthermore, for Point 4 only the h-boson

and the charginos/neutralinos are accessible to an e+e� Linear Collider

of 1 TeV energy or less.

� Since the gluino is relatively light 1, the total SUSY cross-section is quite

large at Point 4 (' 25 pb).

� Since the squark mass is larger than the gluino mass, the dominant decay

mode of the squarks is ~qL;R ! q~g (see Table 1), while the direct decay

to the LSP ~qR ! q�01, which dominates if the gluino mass is larger than

the squark mass (as for Points 1, 2, 5), has a branching ratio of only

a few percent for Point 4. As a consequence, the process pp ! ~qR~qR
with both squarks decaying to q�01, which gives rise to a clean signature

consisting of two high-pT jets accompanied by large /ET and which is

clearly observable over the Standard Model (SM) background (mainly

Z+jet production with Z! ��) for instance for Point 1 [6], cannot be

extracted from the background for Point 4. Therefore, if a SUSY signal
were observed (see Sections 5 and 6) but no excess of pairs of high-pT
jets with large /ET were seen, one would deduce either that the gluino
mass is smaller than the squark mass, and therefore exclude part of the
parameter space, or that the squark mass is light, so that the two-jet

plus /ET signature cannot be observed above the background.

In the case of Point 4, the conclusion would be unambiguous. Since the
gluino mass is smaller also than the mass of the lighter stop quark, the
decay ~g ! ~t1t, which has a sizeable branching fraction for Points 1, 2

and 5, is closed. This decay, if open, would give rise to an excess of
events containing several b quarks in the �nal state (four in the case of
~g~g production). Therefore, the absence of an excess of b-tagged jets in a

sample of SUSY candidates would indicate that ~t1 is (and therefore the
other squarks are) heavier than the gluino.

� The mass di�erence between the two lightest neutralinos is about 70 GeV,
i.e. smaller than the h mass and the Z mass. Furthermore squarks and

sleptons are heavy at Point 4. As a consequence, the second neutralino

can only decay into Z��01. In particular, the channel �02 ! �01h, which is
the dominant decay mode of the �02 at Points 1, 2 and 5, and which has

been shown to be a very useful handle to select clean SUSY samples, is

closed. The absence of a clean peak in the bb invariant mass distribution

due to h production and decay would allow to exclude the region of

the parameter space where the mass di�erence between the two lightest

neutralinos is larger than the h mass.

1Apart from Point 3, where all sparticles are very light, Point 4 has the lightest gluino

mass of all �ve points studied by ATLAS. This point is also the one with the largest splitting

between the squark and the gluino masses.
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� Point 4 has the largest slepton masses of all points studied by ATLAS.

These masses are outside the reach of LHC, where sleptons are observable

only up to masses of � 300 GeV [7].

� Since Point 4 has a light gluino and a light �01, the event /ET is usually

softer than for Points 1, 2 and 5 [8].

3 Signal and background generation

SUSY signal events for Point 4 were generated using SPYTHIA 2.08, modi�ed

as described in Section 2, and then passed through the particle-level simulation

programme ATLFAST [9].

For inclusive studies, all SUSY processes were switched on at the same

time (MSEL = 39 in SPYTHIA). These processes are listed in Table 4 to-

gether with their cross-sections. Among the strong processes, which have large

cross-sections at the LHC, ~g~g production dominates (since the gluino is light),

followed by ~q~g production. On the other hand, since the squarks are heavy in
this point, ~q~q production has a much smaller cross-section.

The production of ��1 �
0
2 pairs dominates among the electroweak processes.

In some regions of the SUGRA parameter space this channel gives rise to a
clean signature in the �nal state, consisting of three isolated leptons and no

hadronic activity (see Section 12). Sleptons are too heavy at Point 4 to be
produced with an observable rate (� < 10�5 fb).

The SPYTHIA cross-sections are also compared to the ISAJET cross-

sections in Table 4. The agreement is in general good, except in a few cases (~g~q
production for instance). In these cases, an average between the two generators

has been taken.
The distributions of the transverse momentum of some SUSY particles are

shown in Figs. 1 and 2. As expected, the lightest sparticles (�01; �
0
2; �

�

1 ) have

a softer pT spectrum, since they are produced at the end of the decay chain.

The following Standard Model processes are the main potential backgrounds

to almost all the SUSY channels discussed in this note, since they can result in
large missing transverse energy in the �nal state: t�t production, if one or both

W's from the top-quarks decay to `� pairs, W+jet production with W! `�,

and Z+jet production with Z! ��. These backgrounds have been generated

using PYTHIA and then processed through ATLFAST. A cut of 50{100 GeV

on the pT of the hard-scattering process was applied at the generation level.
Table 5 summarises the main features of the background samples which have

been used for the analysis described in this note.

4 Event topology at Point 4

Features discriminating SUSY events from Standard Model processes are the

large /ET , due to the presence of two �
0
1 in the �nal state, and large multiplicity

of high-pT jets and/or leptons, since the produced sparticles are usually heavy
and decay through cascade decays.
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The expected /ET spectrum, after a pre-selection cut /ET > 200 GeV, is

shown in Fig. 3 for the SUSY signal and for the dominant SM backgrounds

(W/Z+jets, t�t). The multiplicity of jets with pT > 15 GeV reconstructed over

the full calorimeter coverage (j�j < 5) is presented in Fig. 4 after the same

pre-selection cut. It can be seen that SUSY events at Point 4 have on average

about seven high-pT jets in the �nal state, while W+jet and Z+jet events have

about three such jets and t�t events have about �ve.

Jets were ordered with decreasing pT . The pT of the leading jet is shown

in Fig. 5 for the SUSY signal sample and the dominant SM backgrounds. Its

mean value is about 150 GeV higher for the signal than for the backgrounds.

Even more striking is the di�erence between signal and background for the pT
distribution of the �fth jet in the event (Fig. 6). Requiring �ve reconstructed

jets in the �nal state would allow to suppress most of the SM background.

The jet avour is often a useful feature to extract a SUSY signal above the

background [6]. Table 6 shows the multiplicity of b-jets in the �nal state for

the SUSY sample and for the background processes. Default values of the b-

tagging e�ciency and of the contamination from non-b jets have been used: the

b-tagging e�ciency was assumed to be 60% for b-jets, 10% for c-jets and 1% for

gluon and light-quark jets at low luminosity, for jets with j�j < 2.5. Requiring
no b-tagged jets in the �nal state would allow to reject the t�t background by a
factor of four, whereas asking for one or more b-jets would signi�cantly reduce

the W+jet and Z+jet backgrounds.
Leptons are also produced in the cascade decays of SUSY particles, mainly

of charginos and neutralinos. Table 7 shows the expected multiplicity of iso-

lated 2 charged leptons (e; �) for the SUSY signal and the SM backgrounds (the
Z+jet sample was not included here because the Z was forced to decay into ��

pairs). Leptons were required to have a transverse momentum pT > 10 GeV
and to be within j�j < 2.5. The expected reconstruction e�ciency of 90% per
lepton was not included here. It can be seen that the fraction of SUSY events

with at least one isolated lepton in the �nal state is about 30% for Point 4.
Requiring no lepton or one lepton does not improve the signal-to-background

ratio signi�cantly. The only way to improve this ratio (although at the expense

of the signal rate) is to ask for at least two isolated leptons.
The transverse momentum of the leading lepton in the �nal state is shown

in Fig. 7 for the SUSY sample and the SM backgrounds. In contrast to jets, the

lepton pT distribution is similar for the signal and the backgrounds, because
in SUSY events leptons are produced at the end of the decay chain and have

therefore rather low pT despite the large mass of the parent sparticle.

5 Semi-inclusive multijet + /ET signature

As suggested by Figs. 3 to 6, the large /ET and the large multiplicity of high-pT
jets in SUSY events can be exploited to observe a semi-inclusive SUSY signal
above the SM background at the LHC.

2Throughout this note a lepton is labelled as \isolated" if the transverse energy contained

in a cone of size �R = 0.2 around the lepton direction is smaller than 10 GeV.
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Previous studies [2] had concluded that a minimum /ET cut of 300 GeV

was needed to suppress the background coming from QCD multijet production

where one or more jets are mismeasured or completely lost in critical regions of

the calorimeters (for instance in the barrel/end-cap or end-cap/forward tran-

sition regions). The number of SUSY events surviving a cut /ET > 300 GeV is

expected to be � 38 000 after one year of data taking at low luminosity (corre-

sponding to an integrated luminosity of 104 pb�1) for the model parameters of

Point 4. This signal rate has to be compared with an expected SM background

of � 80 000 events. Therefore, by only requiring a large /ET in the �nal state

a signal-to-background ratio of � 0.5 can be achieved for Point 4. This ratio

can be further increased by requiring several high-pT jets in the �nal state:

� four jets with p
1;2;3;4
T > 150; 150; 100; 100 GeV and j�j < 3.2

� a �fth jet with p5T > PT5 and j�j < 3.2

The signal rates and the signal-to-background ratios are shown in Table 8 as

a function of the cut on the pT of the �fth jet (PT5). With a cut p5T > 90 GeV
the signal e�ciency is � 5%, and about 11 600 SUSY events are expected for

an integrated luminosity of 104 pb�1, whilst the background is reduced to only
560 events. Therefore the signal should be observed with large signi�cance.
The resulting /ET spectrum for signal and background is shown in Fig. 8.

After this selection, the signal consists mainly of ~q~g events (52%), followed
by ~g~g (26%) and ~q~q (20%) events, while before any selection the signal is dom-

inated by ~g~g production (40%) followed by ~q~g (29%) and ~q~q (6%) production
(see Table 4). Thus, requiring a large number of high-pT jets and large /ET in
the �nal state increases the squark contribution, as expected since the squark

mass is much larger than the gluino mass for Point 4. The background is dom-
inated by t�t production, which is the SM process with the highest intrinsic jet
multiplicity.

In conclusion, as already demonstrated by previous studies, hadronic �-

nal states with high jet multiplicity and large /ET should yield a clean semi-
inclusive SUSY signal at the LHC. In the case of Point 4 in particular, a

signi�cant signal should be observed after a few days of data taking at low

luminosity.

6 Semi-inclusive lepton signatures

In addition to hadronic signatures, �nal states containing charged leptons can
also be used to extract semi-inclusive SUSY signals above the SM background

at the LHC.
At Point 4 leptons are mainly produced in the following decays of charginos

and neutralinos:
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Decay Branching ratio per lepton family

�02 ! `+`��01 3%

��1 ! `��01 10%
��2 ! ��1 Z with Z! `+`� 1%

Previous studies [2, 10] had shown that selecting events containing pairs

of same-sign leptons should allow to e�ciently reject the SM background (t�t,

WW, Z+jets, etc.), where leptons are usually produced with opposite sign. In

SUSY processes, on the other hand, several charginos and neutralinos, as well

as W and Z-bosons, can be produced in the cascade decays of squarks and

gluinos, thus same-sign leptons are often present in the �nal state.

A search for same-sign lepton pairs has been done for SUSY events at

Point 4 using the following cuts:

� Two same-sign isolated leptons with pT > 20 GeV and j�j < 2.5 were

required.

� /ET > 120 GeV.

� At least four jets with p
1;2;3;4
T > 120, 70, 70, 70 GeV respectively and

j�j < 3.2 were required.

For an integrated luminosity of 104 pb�1, the expected number of signal
events after these cuts is about 1100, while the background, which is domi-

nated by t�t production with one of the leptons coming from B-hadron decay,
amounts to less than 70 events. Thus the signal-to-background ratio would
be larger than 15 and also in this case a clean signal would be easy to ex-

tract. Furthermore, a measurement of the lepton charge asymmetry in the
�nal state should allow to determine the ratio between the squark and the

gluino masses [2]. This possibility, however, has not been investigated in the
study presented in this note.

Another interesting signature for Point 4, which not only should allow to
observe a semi-inclusive SUSY signal, but also to measure some parameters

of the theory, are �nal states with opposite-sign same-avour (OS-SF) lepton

pairs. To select a clean SUSY sample with this topology, the following cuts

were applied:

� Two OS-SF isolated leptons were required.

� The two leptons should satisfy pT (`1) > 20 GeV and pT (`2) > 10 GeV

respectively, and both should have j�j < 2.5.

� /ET > 200 GeV.

� At least four jets with p
1;2;3;4
T > 100, 50, 50, 50 GeV respectively and

j�j < 3.2 were required.

8



The last two cuts are necessary to reject the SM background (Z+jets, t�t,

WW, WZ, ZZ) to a su�ciently low level.

The e�ciency of these selection cuts is about 1% for the SUSY signal at

Point 4. A reconstruction e�ciency of 90% per lepton has been included,

but the ine�ciency due to charge misidenti�cation has been neglected since

it is expected to be small (< 1% [11]) for the range of transverse momenta of

leptons at Point 4 (< pT >' 60 GeV, as shown in Fig. 7).

After these cuts about 6500 signal events are expected for an integrated

luminosity of 3 � 104 pb�1. The dominant remaining background is from t�t

production (550 events), which is thus reduced by a factor � 3:5� 104. The

other SM backgrounds (Z+jets, WW, WZ and ZZ) are suppressed by the jet

multiplicity cut and the /ET cut. The resulting signal-to-background ratio is

larger than 10.

In conclusion, leptonic �nal states o�er additional and independent sig-

natures, with respect to hadronic �nal states, to extract a SUSY signal at

Point 4.

7 Measurement of the �02��
0
1 mass di�erence

Figure 9 shows the di-lepton invariant mass distribution for the OS-SF sample

(SUSY and t�t background) selected as described in the previous section. All
possible combinations of OS-SF lepton pairs are included in this plot (about
10% of the SUSY events have a third lepton with pT > 10 GeV). Two structures

are clearly visible:

� A structure in the region m`+`� < 75 GeV, which arises mainly from the
decay of the second neutralino (produced for instance in gluino cascade

decays) �02 ! `+`��01. An end-point in the di-lepton mass distribution
for such events is expected at 68 GeV, which is the mass di�erence be-

tween the two lightest neutralinos. This end-point, albeit not very clean,

is visible in Fig. 9.

� A second structure is concentrated around the Z mass and indicates the

production of Z bosons in SUSY cascade decays. This Z peak is mainly
due to the production of the second chargino ��2 , followed by the decay

��2 ! Z��1 . This channel is discussed further in Section 8.

The observation of an invariant mass spectrum such as the one shown in
Fig. 9 would clearly indicate the simultaneous production of the lightest (left-

hand peak) and the heaviest (right-hand peak) gauginos.
The end-point at m`+`� ' 68 GeV is obscured in Fig. 9 by the presence of

combinatorial background coming from other SUSY events, for instance from

~g~g production with both gluinos decaying to qq0��1 . However, the contribution
from such events, as well as from the residual t�t background, can be estimated

and subtracted by using a sample of events selected with the same cuts as

described in Section 6, except that the two leptons are required to have op-
posite sign and opposite avour (OS-OF), i.e. e+�� or e��+ pairs. About
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3300 such events are expected from SUSY production at Point 4 for an in-

tegrated luminosity of 3 � 104 pb�1. Figure 10 shows the di-lepton invariant

mass distribution for the OS-OF SUSY sample, superimposed to the OS-SF

SUSY and background distributions already shown in Fig. 9. As expected, the

distribution for the OS-OF sample has no distinct structure.

Figure 11 shows the result obtained after subtracting the OS-OF distribu-

tion (SUSY plus background) from the OS-SF distribution (SUSY plus back-

ground). The end-point of �02 ! `+`��01 decays can now be clearly measured

and is well separated from the Z peak.

As already mentioned, the position of the end-point provides an estimate

of the mass di�erence between the two lightest neutralinos. As an example,

Fig. 12 shows the di-lepton invariant mass distributions, obtained after sub-

traction of the OS-OF samples from the OS-SF samples, for two di�erent values

of the �01 mass: m�0
1
= 79 GeV, which is the nominal value for Point 4, and

m�0
1
= 87 GeV. The end-point of the distribution moves rapidly, as expected,

as a function of the mass di�erence between the two neutralinos, and therefore

a measurement of this end-point will allow a precise determination of this mass

di�erence.

To evaluate the precision of this measurement, several distributions simi-
lar to those in Fig. 12 were obtained by varying the �01 mass by a few GeV
around its nominal value, while keeping all other parameters of the model at

their default values. A Kolmogorov test [12] was then used to estimate the
compatibility between these distributions and the one obtained for the nomi-
nal �01 mass. The resulting precision expected for an integrated luminosity of

3 � 104 pb�1 is:

m�
0

2
�m�

0

1
= 68:13+0:5

�1:0 (statistical)� 0:07 (systematic) GeV

where the �rst error is the statistical error given by the Kolmogorov test.
The systematic error comes from the expected uncertainty on the lepton energy

scale at the LHC (0.1%). Experiments at the TeVatron Collider [13], as well as
detailed full-simulation studies performed in ATLAS [14], have demonstrated

that such a precision is indeed achievable.

For an integrated luminosity of 3 � 105 pb�1 the precision of this measure-
ment is expected to improve to

m�
0

2
�m�

0

1
= 68:13+0:17

�0:32 (statistical)� 0:07 (systematic) GeV

i.e. to about � 0.4%, a value still dominated by the statistical error.

8 Measurement of the ��2 mass

As already mentioned in Section 7, the Z peak in Figs. 9 { 12 is mainly due to
the production of the heavier chargino and to its decay ��2 ! Z��1 .

The heavier chargino and the two heaviest neutralinos 3 are the only spar-

ticles at Point 4 which decay to Z bosons. The branching ratios are 32% for

��2 ! Z��1 , 34% for �03 ! Z�01;2 and 5% for �04 ! Z�01;2 (see Table 2).

3Note that ��
2
and �0

4
are degenerate in mass in SUGRA models.
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These sparticles have large higgsino components in their �eld content, and

therefore their features are sensitive to the parameters of the Higgs sector

tan� and �. Thus a measurement of (for instance) their masses should allow

to constrain these parameters.

Charginos and neutralinos are produced in cascade decays of ~q and ~g. The

branching fractions for these decays listed in Table 1 are not exactly the same

in SPYTHIA and ISAJET, therefore an average between the two generators

has been taken (where needed) to normalise the expected signal rates. The

channel ��2 ! Z��1 dominates over the channels �03;4 ! Z�01;2: about 85% of

the SUSY events containing a Z in the �nal state come from the production

and decay of the second chargino.

The production cross-section of the second chargino for Point 4, followed by

the decay ��2 ! Z��1 and by the Z decay to a lepton pair, has a cross-section

of � 1 pb (branching ratios included). This rate is large enough to observe a

��2 signal with a reasonable amount of integrated luminosity.

In order to select a clean sample of SUSY events with a Z in the �nal state

coming from the decay of the second chargino, the cuts discussed in Section 6

have been somewhat tightened:

� Two OS-SF isolated leptons, both with pT > 20 GeV and j�j < 2.5, were
required.

� The invariant mass of the lepton pair was required to be in the range
87 < m`+`� < 97 GeV.

� A third isolated lepton with pT > 10 GeV and j�j < 2.5 was required.

� /ET > 100 GeV.

� At least four reconstructed jets with pT > 100, 50, 40, 40 GeV and
j�j < 3.2 were required.

The last three cuts are needed to reject the potential background coming

from SUSY events and SM processes (t�t, WZ, ZZ, Z+jets, Zb�b). After these

selection cuts, about 250 signal events, 60 background events from SUSY pro-
cesses and 4 t�t events (which are the dominant SM background after all cuts)
are expected for an integrated luminosity of 3 � 104 pb�1.

The observed Z production rate in these SUSY events allows to set loose

limits on the ��2 mass:

240 < ��2 < 400 GeV

where the lower value corresponds to the sum of the masses of the ��1 (which

will be given by SUGRA once the measurement discussed in the previous

section is used to constrain the model) and of the Z. Below this limit, the

decay ��2 ! Z��1 is closed and the Z production rate in SUSY events would

almost vanish. The upper value corresponds to the ��2 mass for which the

observed Z rate would decrease by a factor of two. These limits are much

less stringent than the constraint on the ��2 mass given by SUGRA (about
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� 20 GeV for 3 � 104 pb�1, [15]) after all the other measurements discussed in

this note are put into the model. However, a direct measurement of the Z rate

is important to con�rm the predictions of the theory.

Stricter limits on the mass of the second chargino can be obtained by

looking at the distribution of the pT of the Z, which turns out to be sensitive

to the ��2 mass. Figure 13 shows the reconstructed pT distribution of the Z,

obtained for a sample of SUSY events selected as described above and for two

values of the ��2 mass: 315 GeV (nominal value for Point 4) and 360 GeV. The

��2 mass has been varied in the Monte Carlo by keeping all other parameters of

the model unchanged. A shift in the two distributions is clearly visible, which

demonstrates the sensitivity of pZT to the chargino mass. The average value

of the reconstructed pZT distribution is shown in Fig. 14 as a function of the

chargino mass. A di�erence of 3 GeV in the ��2 mass would produce a shift

of about 1 GeV on the average pZT . Therefore the measurement of the average

pZT should determine the mass of the second chargino.

Concerning the precision of this measurement, the statistical error on the

mean value of the pZT distribution is expected to be � 7 GeV (resp. � 2 GeV)

for an integrated luminosity of 3 � 104 pb�1 (resp. 3 � 105 pb�1), which translates

into a statistical uncertainty of � 21 GeV (resp. � 7 GeV) on the chargino
mass.

Various sources of systematic e�ects have been considered:

� If the initial state radiation (ISR) is switched o�, the average pT of the
Z decreases by � 5 GeV. Since, however, �s is known with a precision
of better than 10%, the expected error on the average pZT coming from

theoretical uncertainties in the modelling of ISR should not be larger
than 0.5 GeV.

� As already mentioned, the uncertainty on the absolute pT scale is ex-
pected to be 0.1% for the leptonic channels. This corresponds to a sys-
tematic uncertainty on the average pZT of less than 0.2 GeV.

� The second chargino is mainly produced in gluino cascade decays. Vary-
ing the gluino mass by � 10 GeV has no e�ect on the pZT distribution.

This is because the Z is produced at the end of the cascade decay, thus

with little memory of the mass of the original sparticle. Note that, after
introducing into SUGRA all other experimental measurements described

in this note, the gluino mass at Point 4 would be constrained to about
� 12 GeV for an integrated luminosity of 3 � 104 pb�1.

� In the decay of the ��2 the Z boson is produced together with the lighter

chargino, therefore the pT of the Z is expected to depend on the ��1
mass. To estimate this dependence, the mass of the ��1 has been varied

by � 3.5 GeV, which corresponds to the uncertainty given by SUGRA
for 3 � 104 pb�1 after all other experimental measurements discussed in
this note are introduced in the model. The corresponding variation of

the average pZT in the �nal state is � 2.5 GeV. The uncertainty on the ��1
mass represents therefore the main systematic error of this measurement.
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In conclusion, the average pT of the Z is expected to be determined with

an uncertainty of � 7 (statistical) � 2:5 (systematic) GeV for an integrated

luminosity of 3 � 104 pb�1. The resulting measurement of the chargino mass

will be:

m
�
�
2

= 315� 21 (statistical)� 9 (systematic) GeV

for an integrated luminosity of 3 � 104 pb�1, and

m
�
�
2

= 315� 7 (statistical)� 4 (systematic) GeV

for an integrated luminosity of 3 � 105 pb�1. Similar results have been ob-

tained by determining the compatibility of distributions similar to those shown

in Fig. 13 using a Kolmogorov test.

Finally, since one of the main sources of ��2 production for Point 4 is the

decay ~g ! tb��2 , the study of the sample of events described in this section

may be used to determine the coupling of the gluino to the top quark. This

possibility, however, has not been investigated in the study presented here.

9 Measurement of the ~g��02 and ~g���1 mass

di�erences

At Point 4 the gluino mass is smaller than the squark mass, therefore the
gluino cannot decay to ~qq pairs as it does at the other four points. Instead, it
undergoes three-body decays into a qq pair plus a gaugino (see Table 1):

~g! qq0��1 with a branching ratio of � 44%
~g! qq�02 with a branching ratio of � 27%

~g! qq�01 with a branching ratio of � 15%
~g! qq0��2 with a branching ratio of � 6%

The distribution of the invariant mass of the two jets produced in the decay

channels listed above should be sensitive to the mass di�erence between the
gluino and the relevant gaugino (��1 , �

0
2, �

0
1 or �

�

2 ), in the same way as the di-

lepton invariant mass distribution for Point 4 is sensitive to the mass di�erence
between the two lightest neutralinos.

Since the branching ratios for the various decay channels are of the same

order of magnitude, the �nal states are quite complicated and it is di�cult
to isolate a speci�c decay mode. Several channels have been considered, with

the aim of �nding a clean signature which would allow to measure the gluino
mass:

� ~g�01 production with ~g ! qq�01. This channel is very clean, and a mea-

surement of the di-jet invariant mass distribution in the �nal state would

determine the mass di�erence between the gluino and the LSP. Unfortu-

nately the signal is overwhelmed by the Z+jet (with Z! ��) background

and by SUSY combinatorics. Similar arguments apply to ~g~g production

with both gluinos decaying to qq�01.
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� ~g�02 production with ~g ! qq�01 and �02 ! `+`��01. This channel would

allow to measure at the same time the mass di�erence between the gluino

and the LSP and between the two lightest neutralinos. However the

cross-section is small (� � 1 fb, branching ratios included), and there is

a large combinatorial background from other SUSY events.

� ~g~qL production with ~g! qq�01 and ~qL ! q��1 ! q`��01. This channel is

di�cult to extract because of the very large W+jet background.

� ~g~g production with ~g~g! qq0��1 qq�
0
2. This channel has a relatively clean

signature for the case where both gauginos decay leptonically, and at

the same time an acceptable rate (� � 40 fb, branching ratios included).

It would allow to measure the mass di�erence between the gluino and

the lightest chargino, and between the gluino and the second lightest

neutralino. Note that in SUGRA ��1 and �02 are degenerate in mass

(�m � 1 GeV).

This last channel thus gives rise to �nal states containing four high-pT jets
and three leptons (two from �02 decay and one from ��1 decay). The potential

backgrounds to this topology are t�t, Zb�b, WW, WZ, ZZ production and SUSY
combinatorics. The following selection cuts were applied:

� Three isolated leptons with pT > 20, 10, 10 GeV respectively and j�j < 2.5

were required. Among them, at least one pair of opposite-sign same-
avour leptons was required in addition.

� Four jets with pT > 150, 120, 70, 40 GeV and j�j < 3.2 were required.
The pT -thresholds were optimised to reject the SM processes listed above.

Figure 15 shows the distribution of the invariant mass of the OS-SF lepton

pairs in the �nal state for the SUSY events selected with these cuts. As in
the di-lepton sample described in Section 7 (see Fig. 9), a clean Z peak and

an end-point corresponding to the mass di�erence between the two lightest

neutralinos are visible. In order to further reduce the SUSY combinatorics
and the SM background, two additional selection cuts were applied:

� In the case of the signal, two of the leptons in the �nal state come from

the decay �02 ! `+`��01. Assuming that the end-point in the m`+`�

distribution has been observed and measured using the di-lepton sample

described in Section 7, it was required that the invariant mass between
any pair of OS-SF leptons in the �nal state be below 72 GeV. This cut
rejects all Z ! `+`� decays, in particular SM background events from

Zb�b, WZ, ZZ production.

� Additional jets with pT > 40 GeV and j�j < 5 were vetoed. This cut

reduces the SUSY combinatorics, but rejects also signal events with more

than four jets in the �nal state (coming for instance from ISR). It has

an e�ciency of � 35% for the signal at low luminosity.
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After these selection cuts one expects, for an integrated luminosity of

3 � 104 pb�1, about 250 signal events, 30 SUSY events coming from di�erent

production processes but containing one ~g in the �nal state (~q~g production,

~q production with ~q ! ~gq) and 18 background events from �nal states not

containing a gluino. Of these latter events, 12 events arise from t�t production

and 6 events from SUSY combinatorics. Therefore, the signal can be cleanly

observed above the background.

It should be noticed that since the /ET spectrum is quite soft in this channel

(its average value is � 160 GeV), no /ET cut has been applied in the selection,

which demonstrates that exclusive SUSY channels can be cleanly extracted

above the background at the LHC even without requiring large /ET in the �nal

state.

The following step consisted in reconstructing the invariant mass distribu-

tion of pairs of jets in the �nal state. In principle, there are three di�erent

ways of combining the four jets in the event two by two. For the signal sample,

if all four jets come from the decay of the two gluinos (and not for instance

from ISR), one of these combinations is correct while the other two are wrong.

In order to reduce the combinatorics, one of the three combinations, i.e. the

one which pairs the two highest-pT jets together and the two lowest pT jets
together, was ignored since in most cases the two highest-pT jets come from
di�erent gluinos. Only two combinations were therefore considered, of which

one is correct. In reality, this picture is further complicated by the fact that
sometimes the jets which survive the selection cuts are produced by initial
state radiation and not by gluino decays.

Figure 16 shows the di-jet invariant mass distribution for the signal events
alone (full histogram). As discussed above, there are four entries per event

in this plot, out of which two entries are usually correct and two are wrong.
The distribution in Fig. 16 clearly shows a falling edge around 440 GeV, which
corresponds to the mass di�erence between the gluino and the ��1 =�

0
2, although

a clean end-point is not visible because of the combinatorial background. For
comparison, the dashed histogram shows the distribution obtained by plotting
only the combination with at least one correct jet pair (i.e. both jets of the

pair come from the decay of one of the two gluinos). The falling edge is much

more clearly visible in this case.

Figure 17 shows the di-jet invariant mass distribution for the signal and
the background (t�t and SUSY combinatorics). For events containing only one

gluino, there are usually one good entry and three wrong entries. For the

background with no gluinos all entries are wrong.
Although the end-point in Figs. 16 and 17 is not as clear as in the di-lepton

case (see Figs. 11 and 12), the shape of the di-jet invariant mass distribution
displays good sensitivity to the mass di�erence between the gluino and the

��1 =�
0
2. This is demonstrated by Fig. 18, which shows a comparison of the

distributions obtained for m~g = 582 GeV (nominal value for Point 4) and for
m~g = 500 GeV. As in the previous cases, the gluino mass has been varied in

SUGRA by keeping all other parameters of the model at their default values.

By using a Kolmogorov test to evaluate the compatibility of the distributions

obtained for several values of the gluino mass, the following precision on the
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mass di�erence between the gluino and the ��1 =�
0
2 has been obtained:

m~g �m
�
�
1

=m�
0

2
= 434+5:0

�16 (statistical)� 4:5 (systematic) GeV

for an integrated luminosity of 3 � 104 pb�1, and

m~g �m
�
�
1

=m�
0

2
= 434+1:6

�5:0 (statistical)� 4:5 (systematic) GeV

for an integrated luminosity of 3 � 105 pb�1. The systematic error is domi-

nated by the uncertainty of 1% on the jet energy scale.

10 Measurements of the h-boson mass

The masses of the heaviest Higgs bosons (A;H;H�) are close to 900 GeV for

Point 4, that is in a region where neither the channels H;A ! t�t nor the

decays to gaugino pairs (H;A ! ��1 �
�

2 , �
0
2�

0
2, etc.) are observable above the

SM background [16, 17].
The mass of the lightest Higgs boson (h) is about 111 GeV if two-loop

corrections are taken into account. Since the channel �02 ! �01h is closed at

Point 4, the h is only produced in the decay of the heaviest charginos and
neutralinos (see Table 2), thus with much lower rate than at Points 1, 2 and 5
where it is predominantly produced in the decays of the second neutralino.

Therefore the production of the h-boson in SUSY cascade decays, followed
by the (dominant) decay mode h ! b�b, su�ers, for Point 4, from a large

combinatorial background from other SUSY events and from t�t production. A
signal signi�cance of about four may nevertheless be achieved for an integrated
luminosity of 3 � 104 pb�1.

Besides in cascade decays, the lightest Higgs boson can be also produced in
the hard-scattering process (direct production). At Point 4, where both tan�

and mA are relatively large, the h is mainly produced through gluon-gluon
fusion and the only experimentally observable decay mode is h ! . This
channel has a similar rate (� ' 50 fb, branching ratio included) as a Standard

Model Higgs boson [16], and should be observed with a statistical signi�cance

of about 5.6 � for an integrated luminosity of 105 pb�1 [18]. With this amount
of integrated luminosity, the h-boson mass should be measured with a precision

of about 0.3 GeV. This error is dominated by the uncertainties on the absolute
energy scale (0.1%) and on the background ( continuum) subtraction, and

should be reduced to 0.2 GeV for the integrated luminosity of 3 � 105 pb�1.

11 Measurement of the ~q masses

The exclusive channels described in the previous sections will allow to observe

several gauginos and the lightest Higgs boson. The ensemble of measurements
performed with these channels would ultimately constrain the parameters of

the model m1=2 and tan� to 10% or better (see Section 12). They would also

provide a measurement of the universal scalar mass m0, although with a poor
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accuracy (about � 200 GeV for an integrated luminosity of 3 � 104 pb�1) since

the masses of the SUSY particles studied so far depend only weakly on the

scalar mass.

In order to improve the sensitivity to m0, as well as to observe directly the

production of scalar sparticles at Point 4, one should detect at least one of the

following classes of sparticles:

� Sleptons: as already mentioned, sleptons are too heavy at Point 4 to be

observed directly.

� Squarks of the third generation (~t, ~b): since these sparticles are heav-

ier than the gluino, they are not produced in gluino decays, but only

directly in the hard-scattering process. The cross-section for the direct

production is quite small (< 300 fb), because the only diagrams which

contribute are qq and gg annihilation in the s-channel. Furthermore,

stop and sbottom decays (see Table 1) su�er from SUSY combinatorial

background, due for instance to gluino production followed by the decay

~g! tb��1 . For these reasons, observation of the squarks of the third gen-

eration will be extremely di�cult at the LHC if the model parameters
are those of Point 4.

� Squarks of the �rst two generations: the production cross-section for the

squarks of the �rst two generations is much higher (1.6 pb) than for ~t
and ~b, despite their larger masses. This is because the gluino is light,

therefore the t-channel with gluino exchange dominates the production
in the case of squarks of the �rst two generations. As an example, the
rate of events containing at least one sbottom in the �nal state is four

times smaller than the rate of events containing at least one squark of
the �rst two generations. The possibility of detecting these squarks has

therefore been studied and the results are discussed below.

Several methods have been investigated:

� In most cases (95% for ~qR and 66% for ~qL) the squarks decay to ~gq. These

�nal states cannot be distinguished from events due to ~g production,
which have a much larger cross-section and which provide a large and
irreducible background to such a squark signal.

� Cleaner channels containing only squarks and the LSP in the �nal state,
such as the processes pp ! �01~qR and pp ! ~qR~qR with ~qR ! q�01, have

also been considered. These channels lead to events containing one or

two jets with very high pT (since the squarks are heavy) and large /ET ,
and the transverse momentum of the jets is expected to be sensitive to

the value of the squark mass [6]. However, the production cross-section
before any cuts is only 1 fb for both channels (once the branching ratio

for the decay ~qR ! q�01 is taken into account), therefore the signal would

be completely swamped by the the Z+jet background with Z! �� and

by other SUSY events.
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� Since all the experimental measurements described in this note are ex-

pected to constrain the ~g mass to about � 12 GeV within SUGRA for

an integrated luminosity of 3 � 104 pb�1, a measurement of the inclusive

SUSY cross-section could provide a determination of the squark mass.

This cross-section is shown in Table 9 before any cuts and as a function of

the average squark mass (where the average is taken over the ~q avours

and between the left-handed and the right-handed helicity states). As

usual, the squark masses have been varied without changing the other

parameters of the model. It can be seen that a variation of the average

squark mass by � 200 GeV would change the total cross-section by a

factor of 1.5 at most (for a �xed gluino mass). Given the theoretical

uncertainties on the absolute cross-section, coming for instance from the

limited knowledge of higher-order corrections and of the structure func-

tions, this method would hardly provide a measurement of the squark

mass more precise than the range (� 200 GeV) already determined by the

other experimental constraints at Point 4. However, such a measurement

of the inclusive cross-section could be used to con�rm the predictions of

the model.

� The total transverse energy observed in the �nal state should be sensitive
to whether particles with a mass close to 1000 GeV (like the squarks)

have been produced, rather than particles with mass 600 GeV (like the
gluino). This method relies on the large mass splitting between the
squarks and the gluino at Point 4.

To investigate further this last and most promising possibility, a semi-
inclusive SUSY sample was selected by requiring �ve jets in the �nal state

with p
1;2;3;4;5
T > 150, 150, 100, 100, 100 GeV and /ET > 300 GeV. These hard

cuts, which are similar to those described in Section 5, were chosen to obtain
a SUSY sample enriched in squarks and at the same time to suppress the SM

background. In fact, about 9 600 SUSY events and only 400 SM background
events are expected after these cuts for an integrated luminosity of 104 pb�1,

and almost 80% of the signal events contain at least one squark in the �nal
state (the sample is dominated by ~q~g production).

The following step consisted in looking for a variable related to the trans-

verse energy in the �nal state, which could therefore be sensitive to the squark

mass. The chosen variable (indicated as ETsum hereafter) is the scalar sum
of the transverse energies of the �ve highest-pT jets in the �nal state. Given

the selection cuts described above, ETsum is larger than 600 GeV by de�ni-
tion. Other variables, which include more jets or /ET , were found to be more

sensitive than ETsum to the value of the gluino mass and to systematic e�ects

(such as initial state radiation), since they include particles with lower pT .
The distribution of ETsum is shown in Fig. 19 for the three production sub-

processes ~g~g; ~q~q and ~g~q. As expected, the distribution is harder for events
with at least one squark in the �nal state. The average value of ETsum is

1323 GeV for ~g~g production, 1459 GeV for ~g~q production and 1517 GeV for

~q~q production. Figure 20 shows the distribution of ETsum for SUSY events
selected as described above (all sub-processes summed together) and for three
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di�erent squark masses: < m~q > ' 715; 915; 1115 GeV. The average values

of the respective distributions are 1356 GeV, 1436 GeV and 1504 GeV. The

expected numbers of events for an integrated luminosity of 104 pb�1 are about

14 200, 9 600 and 7 000 respectively. Figure 20 demonstrates the sensitivity

of the ETsum distribution to the squark mass. More precisely, a variation of

10 GeV of the squark mass would produce a shift of � 3.7 GeV in the average

value of ETsum (for a �xed gluino mass).

The precision which can be achieved on the measurement of the squark

mass, however, will be limited by systematic e�ects if the average value of

ETsum is considered. For instance, the expected uncertainty of 1% on the

jet energy scale would translate into an uncertainty of about 15 GeV on the

average value of the ETsum distribution, and therefore of about 40 GeV on

the average squark mass. On the other hand, the fraction of events with

ETsum larger than a given value is expected to be much less sensitive to such

systematic e�ects.

Figure 21 shows the fraction of selected SUSY events withETsum > 1500 GeV

as a function of the average squark mass. For the nominal average squark mass

this fraction is about 36%, and corresponds to about 10 000 observed events for

an integrated luminosity of 3 � 104 pb�1. From Fig. 21 it can be inferred that
an increase of 25 GeV of the average squark mass would produce an increase
of this fraction to 37%. The ETsum threshold of 1500 GeV used here is close to

optimal. With a lower threshold, the event fraction would be more sensitive to
the value of the gluino mass, whilst with a higher threshold the sensitivity to
the knowledge of the exact shape of the high-energy tails would be larger. The

fraction of ~g~g events in the SUSY sample with ETsum > 1500 GeV is about
20%.

The total number of SUSY events above the ETsum threshold does not vary
signi�cantly with m~q: if m~q increases, the total SUSY cross-section decreases,
but the acceptance of the ETsum cut increases, so that the total number of

events with ETsum > 1500 GeV decreases very slowly for increasing squark

masses. Note that a value as high as m~q � 1115 GeV is already inside the
region which is theoretically forbidden for reasons of electroweak symmetry

breaking [19].

The size of the error bars in Fig. 21 is about � 1% and reects the following

uncertainties:

� The statistical error (< 0.4% for an integrated luminosity of 3 � 104 pb�1).

� A systematic error of about 0.3% coming from the uncertainty in the

initial state radiation. When the ISR is completely switched o�, the

event fraction with ETsum > 1500 GeV decreases by 3%, leading to a
systematic uncertainty of 0.3% if �s is known to 10%.

� A systematic error of 0.8% coming from the expected uncertainty of 1%

on the jet energy scale.

Note that the systematic error due to the uncertainty on the exact value of

the gluino mass is negligible. This error is about 0.2% when the gluino mass
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is varied by � 40 GeV, i.e. by more than three times the range allowed by

SUGRA for an integrated luminosity of 3 � 104 pb�1 once all other experimental

measurements described in this note are used to constrain the model.

The total systematic error on the event fraction with ETsum > 1500 GeV

would therefore amount to 0.9%, which correponds to an uncertainty of� 23 GeV

on the average squark mass.

In conclusion, for an integrated luminosity of 3 � 104 pb�1 this method would

provide the following measurement of the average squark mass (�rst two gen-

erations):

< m~q > = 915� 9 (statistical)� 23 (systematic) GeV

Since the total error is dominated by the systematic uncertainty of 1% on

the jet energy scale, which is considered as the ultimate goal achievable with

the ATLAS calorimetry, the precision of this measurement is not expected to

improve signi�cantly at high luminosity.

The complete integral spectrum of ETsum, which is shown in Fig. 22 for

three di�erent values of the average squark mass, has also been studied. A

Kolmogorov test applied to these distributions provides a measurement of the
squark mass with a precision similar to the result given above.

12 Summary of the measurements and sensi-

tivity to the parameters of the model

The various measurements of SUSY �nal states for Point 4, discussed in the

previous sections, are summarised in Table 10. Also indicated are the accura-
cies which could be achieved with these measurements for two typical values

of the integrated luminosity: 3 � 104 pb�1, corresponding to three years of data
taking at low luminosity, and 3 � 105 pb�1, corresponding to the \ultimate" lu-
minosity which will be collected by the LHC experiments. In most cases, the

measurement accuracy would be of a few percent for the initial period at low

luminosity, and would improve to an ultimate value of 1% or less.

The sparticles which can be directly observed if the model parameters are

those of Point 4 are the h-boson, the two lightest neutralinos (�01, �
0
2), the two

charginos, the gluino and the squarks of the �rst two generations. Sparticles

which cannot be easily observed are the sleptons, the heaviest Higgs bosons

(A; H; H�), the stops and the sbottoms.

The impact of these measurements on the determination of the fundamen-

tal parameters of the theory is discussed in detail in [15], therefore only the

main results are summarised here (see Table 11). The universal gaugino mass

m1=2, which is strongly constrained by two measurements, namely the mass dif-

ference between the two lightest neutralinos and the mass di�erence between

the gluino and the second neutralino, would be ultimately extracted with an

uncertainty of about 1%. The universal scalar mass m0 is determined (mainly

by the measurement of the squark mass) with an accuracy of better than 5%.
The parameter tan� will be constrained to better than 10%, mainly by the
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measurements of the h mass and of the ��2 mass. These two measurements

determine also the sign of �. An integrated luminosity of 105 pb�1 will be

needed to constrain � as positive, however already with 3 � 104 pb�1 more than

65% of the solutions of the �t to the model give a positive �. Finally, the

parameter A is not constrained since it is related to the stop sector [1] where

no experimental measurements are possible for Point 4.

The study presented in this note should by no means be considered as a

complete analysis of all experimental observations and measurements which

can be performed at Point 4, but rather as an example of the ATLAS poten-

tial for precision SUSY physics at this point of the parameter space. Other

channels may be observed and other measurements may be obtained, which

have not been discussed here. For instance, the direct production of �02�
�

1

pairs, followed by the decays �02 ! `+`��01 and ��1 ! `��01, can be detected

by looking for �nal states containing three isolated leptons and no hadronic

activity. A signal signi�cance of larger than six should be achieved at Point 4

with an integrated luminosity of 3 � 104 pb�1. As another example, it has been

shown in [20] that the heaviest neutralino (�04) can be observed, and the mass

di�erence between �04 and �
0
1 can be measured, by looking for �nal states con-

taining opposite-sign opposite-avour lepton pairs. In the same reference it is
also suggested that the ratio between the event rates in the two populations
of Fig. 9 may be used to constrain tan�.

These and other measurements will be ultimately combined to cross-check
the various observations and to achieve redundant and over-constrained mea-
surements of the parameters of the theory.

Finally, the main aspects of the detector performance which are crucial
for the study of Point 4 are: the calorimeter coverage and hermeticity, for a

reliable measurement of /ET ; the calibration of the absolute lepton energy scale
to 0.1% both in the electromagnetic calorimeter and in the muon system; the
calibration of the absolute jet energy scale to 1% in the calorimeters; excellent

energy and angular resolution of the electromagnetic calorimeter to detect the

h-boson through the decay h!  [14].

13 Conclusions

The work presented in this note, as well as similar studies on the same sub-
ject [6, 20, 21, 22], demonstrates that, if SUSY exists, ATLAS will discover it

easily and very rapidly up to sparticle masses in the TeV range. It also demon-
strates that ATLAS will be able to isolate clean exclusive channels, to perform

precise measurements of the masses of several sparticles, and to constrain the

fundamental parameters of the theory to within a few percent.
This means that precision SUSY physics will be possible at the LHC, de-

spite the fact that SUSY �nal states are kinematically badly constrained (due
to the presence of the escaping LSP's), that the environment is extremely harsh

(pile-up at high luminosity, large QCD backgrounds, etc.), and that all SUSY

channels are produced at the same time, thus contributing to the background

of each other and producing complicated topologies in the �nal state. The
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main reasons are that the SUSY cross-sections are large, and that the variety

of SUSY channels turns out to be an advantage, rather than a disadvantage,

because it gives rise to a rich ensemble of topologies, which provide several

handles to reject the SM background and allow to observe many sparticles at

the same time.

The SUGRA point discussed in this note is not particularly favourable to

the LHC. Studies of other points, rather di�erent in terms of particle spectrum,

decay modes and event toplogy, have reached similar conclusions [6, 20, 21, 22].

These results open new scenarios for SUSY physics at the LHC, shifting the

emphasis from the discovery to the precision measurements, and demonstrate

once more the potential of the LHC for physics beyond the Standard Model.
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Table 1: Main decay modes and branching ratios (BR) of the gluino and

sfermions at Point 4, as given by SPYTHIA 2.08 and ISAJET 7.22.

Particle Decay channel BR (%) SPYTHIA 2.08 BR (%) ISAJET 7.22

~g! qq0��1 47 (13 for tb) 40 (10 for tb)

qq�02 27 28
qq�01 14 (2.4 for tt) 15 (3.2 for tt)

qq0��2 9 (7 for tb) 4 (2.6 for tb)

qq�04 1.6 (0.7 for b�b) 2 (1 for b�b)
g�03;4 0 6

~qL ! q~g 65 70

q0��1 17 15

q0��2 5 4
q�02 9 8

~qR ! q~g 95 95

q�01 5 5
~b1 ! b~g 33 38

t��2 35 31
t��1 17 17

W~t1 3.9 2.8

b�02 8 7.7
~b2 ! b~g 97 98
~t1 ! b�+2 49 35

b�+1 1.4 17
t�04 23 9

t�03 16 25

t�02 1.5 6

t�01 8 8
~t2 ! t~g 28 34

b�+1 23 12

b�+2 �0 7

t�02 11 6.5
t�03 19 15
t�04 12 20

~̀
L

�

! ���1 46 47

���2 13 12

���1 7 7
`�02 31 31

~̀
R

�

! `�01 95 95

~� ! `���1 56 56
`���2 5 4

��01 12 12

��02 20 21
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Table 2: Main decay modes and branching ratios (BR) of the gauginos at

Point 4, as given by SPYTHIA 2.08 and ISAJET 7.22.

Particle Decay channel BR (%) SPYTHIA 2.08 BR (%) ISAJET 7.22

�02 ! qq�01 72 72

���01 18 18

``�01 9 9

�03 ! W��1 66 64

h�01; h�
0
2 3 3

Z�01 16 15

Z�02 18 19

�04 ! W��1 74 74

h�01 8 8
h�02 12 12

Z�01 3 3

Z�02 2 2

��1 ! qq0�01 66 66
`��01 33 33

��2 ! W�02 44 43
h��1 16 17
Z��1 32 32

W�01 7 7

Table 3: Some SUGRA parameters and particle masses (in GeV) for the �ve

points studied by ATLAS.

Point m0 m1=2 m~g m~qR m~t1
m~̀

R

m�0
1

m��
1

mh mA;H;H�

1 400 400 1004 925 645 430 168 325 95 1045

2 400 400 1008 933 710 431 168 321 115 740

3 200 100 298 313 260 207 45 96 68 375

4 800 200 582 910 594 805 80 147 111 860

5 100 300 767 664 440 157 122 232 93 700

25



Table 4: Production cross-sections for the main SUSY processes at Point 4, as

given by SPYTHIA 2.08 and ISAJET 7.22.

Process � (pb) SPYTHIA 2.08 � (pb) ISAJET 7.22

~g~g 10.5 11.2

~g~q 5.8 8.8

~q~q 1.6 1.6

~t~t 0.28 0.26

~g�0; ~g�� 0.25 0.28

~q�0; ~q�� 0.2 0.2

��1 �
�

2 2.0 1.1

���0 3.2 3.4

��1 �
0
2 2.8 3.1

�0�0 0.1 0.2

Total 24.1 27.1

Table 5: For the dominant background processes considered in this note, the cut

applied at event generation to the hard-scattering process (pgenT ), the production

cross-sections and the total Monte Carlo statistics generated.

Process p
gen
T (GeV) � (pb) Number of generated events

W+jets, W! `� 100 1633 8 � 105

Z+jets, Z! �� 50 640 8 � 105

t�t 100 327 6:75 � 105

Table 6: Average multiplicity of b-jets reconstructed with pT > 15 GeV and

j�j < 2.5 for the SUSY signal and the dominant SM backgrounds, after a

pre-selection /ET > 200 GeV. The default values for the b-tagging e�ciency

and the contamination from non-b jets have been assumed (see text).

Process Event fraction

Nb=0 Nb=1 Nb=2 Nb >2

SUSY 47% 29% 18% 6%

W+jets 93% 6% 0.7% 0.4%

Z+jets 92% 7.5% 0.9% 0.3%
t�t 27% 48% 23% 2%

Table 7: Average multiplicity of isolated leptons (e; �) reconstructed with

pT > 10 GeV and j�j < 2.5 for the SUSY signal and the dominant SM

backgrounds, after a pre-selection /ET > 200 GeV.

Process Event fraction
Nlep=0 Nlep=1 Nlep=2 Nlep >2

SUSY 67% 26% 6% 0.9%

W+jets 58% 42% 0.1% 0

t�t 49% 46% 5.3% 0

26



Table 8: Expected signal rate (S) for an integrated luminosity of 104 pb�1 and

expected signal-to-background ratio (S=B) for Point 4 as a function of the cut

on the pT of the �fth jet in the �nal state (PT5). Events have been pre-selected

requiring /ET > 300 GeV and at least four high-pT reconstructed jets (see text).

PT5 (GeV) S S=B

0 19300 9

50 17700 12

70 15200 14
90 11600 21

100 9600 23

Table 9: Inclusive SUSY production cross-section for Point 4 as a function of

the average squark mass. The third column gives the ratio between the cross-

section for a given squark mass and the cross-section for the nominal squark

mass (< m~q > = 915 GeV).

< m~q > (GeV) � (pb) �=�nominal

715 40.5 1.5
815 31.0 1.2

915 (nominal) 26.2 1.0

1015 23.3 0.9
1115 21.2 0.8

Table 10: Possible measurements at Point 4 and expected experimental accu-

racies for integrated luminosities of 3 � 104 pb�1 and 3 � 105 pb�1.

Measurement Expected accuracy (GeV)

3 � 104 pb�1 3 � 105 pb�1

mh = 111 GeV +0:2
�0:2

m�0
2
�m�0

1
= 68 GeV +0:5

�1:0
+0:18
�0:33

m
��2

= 315 GeV +23
�23

+8
�8

m~g �m�0
2
=m��

1

= 434 GeV +6:7
�17

+4:8
�6:7

< m~q > = 915 GeV +25
�25

+23
�23
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Table 11: Expected accuracy for the extraction of the fundamental parameters

of the SUGRA model at Point 4 for integrated luminosities of 3 � 104 pb�1 and

3 � 105 pb�1.

Parameter Expected accuracy
3 � 104 pb�1 3 � 105 pb�1

m0 = 800 GeV � 50 GeV � 35 GeV
m1=2 = 200 GeV � 4 GeV � 1.5 GeV

tan� = 10 � 2 � 0.6

sign� = + unconstrained constrained
A = 0 unconstrained unconstrained
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Figure 1: Distributions of the transverse momentum (in GeV) of ~q (top) and

~g (bottom) for Point 4.
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Figure 2: Distributions of the transverse momentum (in GeV) of ��2 (top left),

�02 (top right), ��1 (bottom left) and �01 (bottom right) for Point 4.
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Figure 3: Distribution of the event missing transverse energy (in GeV) for

the SUSY signal and the dominant background processes, after a pre-selection

/ET > 200 GeV.
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Figure 4: Multiplicity of reconstructed jets with pT > 15 GeV for the

SUSY signal and the dominant background processes, after a pre-selection

/ET > 200 GeV.
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Figure 5: Distribution of the transverse momentum (in GeV) of the leading

jet for the SUSY signal and the dominant background processes, after a pre-

selection /ET > 200 GeV.
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Figure 6: Distribution of the transverse momentum (in GeV) of the �fth jet for

the SUSY signal and the dominant background processes, after a pre-selection

/ET > 200 GeV.
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Figure 7: Distribution of the transverse momentum (in GeV) of the leading

charged lepton for the SUSY signal and the dominant background processes,

after a pre-selection /ET > 200 GeV.

35



Figure 8: Expected /ET spectrum for a semi-inclusive SUSY signal at Point 4

(white histogram) and the SM background (black histogram) in ATLAS after

one year of data taking at low luminosity. Events with /ET > 300 GeV and

�ve high-pT reconstructed jets are shown (see text).
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Figure 9: Expected di-lepton invariant mass distributions for SUSY events

containing opposite-sign same-avour lepton pairs at Point 4 (full histogram)

and for the t�t background (dashed histogram), for an integrated luminosity of

3 � 104 pb�1.
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Figure 10: Expected di-lepton invariant mass distributions for SUSY events

containing opposite-sign opposite-avour lepton pairs (dashed histogram),

opposite-sign same-avour pairs (full histogram), and for t�t events containing

opposite-sign same-avour pairs (dashed histogram), for an integrated lumi-

nosity of 3 � 104 pb�1.
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Figure 11: Expected di-lepton invariant mass distribution for events contain-

ing OS-SF lepton pairs (SUSY plus background), after subtraction of events

containing OS-OF lepton pairs, for an integrated luminosity of 3 � 104 pb�1.
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Figure 12: Expected di-lepton invariant mass distributions for events contain-

ing OS-SF lepton pairs (SUSY plus background), after subtraction of events

containing OS-OF lepton pairs, for an integrated luminosity of 3 � 104 pb�1

and for two values of the �01 mass: m�0
1
= 79 GeV (full histogram) and

m�0
1
= 87 GeV (dashed histogram).
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Figure 13: Distributions of the reconstructed transverse momentum of the Z

bosons produced in ��2 decays at Point 4 for m��
2

= 315 GeV (solid histogram)

and m��
2

= 360 GeV (dashed histogram).
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Figure 14: Average value of the pT distribution of the Z bosons produced in ��2
decays at Point 4, as a function of the ��2 mass. The error bars correspond

to the summed statistical and systematic error for an integrated luminosity of

3 � 105 pb�1.
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Figure 15: Di-lepton invariant mass distribution for SUSY events at Point 4

containing three leptons and four jets in the �nal state.
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Figure 16: Expected di-jet invariant mass distribution for SUSY events with

two gluinos in the �nal state (full histogram). Four jet pairs are plotted per

event (see text). The dashed histogram shows the distribution obtained when

only the combination with at least one correct jet pair is considered (see text).
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Figure 17: Di-jet invariant mass distributions for events with three leptons and

four jets in the �nal state. The full histogram is the expected distribution for

the SUSY signal plus background and the dashed histogram for the background

alone, for an integrated luminosity of 3 � 104 pb�1. Four jet pairs are plotted

per event (see text).
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Figure 18: Di-jet invariant mass distributions for events with three leptons

and four jets in the �nal state. The sum of the expected SUSY signal and

backgrounds (t�t and SUSY combinatorics) is shown for an integrated luminos-

ity of 3 � 104 pb�1. The solid histogram is for m~g = 582 GeV and the dashed

histogram for m~g = 500 GeV. Four jet pairs are plotted per event (see text).
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Figure 19: Distribution of the variable ETsum (see text) for SUSY events from

~g~q production (solid histogram), ~g~g production (dashed histogram) and ~q~q pro-

duction (dotted histogram).
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Figure 20: Distribution of the variable ETsum for selected samples of SUSY

events at Point 4 (see text) with < m~q > ' 715 GeV (solid histogram),

< m~q > ' 915 GeV (dashed histogram) and < m~q > ' 1115 GeV (dotted

histogram).
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Figure 21: Fraction of selected SUSY events with ETsum > 1500 GeV as a

function of the average squark mass. The error bars correspond to the summed

statistical and systematic error for an integrated luminosity of 3 � 104 pb�1.
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Figure 22: Fraction of selected SUSY events at Point 4 with ETsum larger

than a given threshold for < m~q > ' 715 GeV (dotted histogram),

< m~q > ' 915 GeV (full histogram) and < m~q > ' 1115 GeV (dashed

histogram).
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